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Abstract 
In urban environment green roof represents a sustainable solution for mitigating rainfall-runoff volumes delivered to combined 
sewer systems. Despite numerous studies have been focusing on long-term monitoring of green roof in urban watersheds, few 
literature has analysed and built models for predicting the hydraulic efficiency of a green roof.  
This study proposes a conceptual model to predict the hydraulic behaviour of a small-scale physical model of a green roof. The 
model green roof is idealized as a system consisting of three individual components in series. Each component is subjected to 
different hydrologic and hydraulic processes and therefore, is treated as a separate module. A mass balance equation is applied 
to each component, taking into account the specific phenomena occurring in each module. The model is loaded by a series of 
constant rainfall intensities. The physical model testing is also performed. 
Results demonstrate the model is accurately able to predict the hydraulic behaviour of the system as compared to measured 
data. In future research study this model will be applied to long-term basis simulations. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the CCWI2013 Committee. 
Keywords: Infiltration; Substrate; Continuous simulation; Drainage layer. 
1. Introduction  
In urban environment green roof represents a sustainable solution for mitigating rainfall-runoff volumes 
delivered to combined sewer systems. The on-going urbanization generates the increase of impervious surfaces of 
buildings, roads and parking lots. This process produces a change in the natural hydrological cycle with the 
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consequence of increasing runoff volume over the watershed (Farrell et al., 2013). Higher runoff volume strains 
urban systems that must operate beyond design capacity and causes the potential for flooding. Urban runoff also 
threatens the water quality by washing pollutants from roads, parking lots, and rooftops to local waterways. 
Among stormwater best management practices (BMPs) have been suggested and implemented in order to reduce 
the effect of runoff, green roofing may be a sustainable solution, especially where land area is unavailable for other 
BMPs. Green roof consists of three major components: a vegetative/surface layer, a substrate (soil) and a 
storage/drainage layer (Teemusk and Mander, 2007; Fioretti et al., 2010; Dietz, 2007; Getter and Rowe, 2009; De 
Nardo et al., 2003).  Green roofs mitigate runoff since the substrate and vegetation absorb precipitation, providing 
rainfall retention (Speak et al., 2013).  
Despite numerous studies have been focusing on monitoring of green roof in urban watersheds. Few literature 
studies have analysed and built models for predicting the hydraulic efficiency of a green roof in order to evaluate 
the potential benefits of the system, especially on long-term basis (Palla et al., 2012, Hilten et al., 2008, Spolek, 
2008, Teemusk and Mander, 2007).  
Modeling the hydraulic behaviour of a green roof is a complex task. Some authors limited their investigation to 
the evaluation of the peak flow rate delivered from a green roof by applying watershed runoff equations, based on 
curve number (CN) or rational coefficient. Getter et al. (2007) derived CN varying from 85 to 90 for green roofs 
with differing slopes. Moran et al. (2005) derived a rational coefficient of 0.5 for 10 different rain events.   
Other authors proposed approaches for simulating the hydrologic and hydraulic behaviours of green roofs. 
Hilten et al. (2008) used HYDRUS-1D model to evaluate the green roof performance based on the prediction of the 
soil moisture transport. The study demonstrated that rainfall depth significantly impacts the performance of the 
system, providing complete retention for small events and detention for larger storms. Also Teemusk and Mander 
(2007) observed 85.7% retention for a 0.21 cm storm whereas for larger storms, green roofs provided little 
retention. Bengtsson (2010) used the water balance approach to investigate the hydrology of a green roof in 
Sweden, and demonstrated that annual runoff can be reduced by up to 64% due to evapo-transpiration. Palla et al. 
(2009) demonstrated the SWMS_2D model, based on Richards’ law and the Van Genuchten-Mualem functions 
was able to accurately predict the infiltration process and water content profiles within green roof system. 
This study aims to predict the hydrological and hydraulic behaviours of a green roof by using a conceptual 
model. In this model a green roof is idealized as a system consisting of three individual components in series. Each 
component is subjected to different hydrologic and hydraulic processes and therefore, is treated as a separate 
module. A mass balance equation is applied to each component, taking into account the specific phenomena 
occurring in each module. The surface layer is represented by the first module where the 
evapotranspiration/evaporation processes are modelled; the soil/substrate by the second module which predicts the 
infiltrated volumes. Finally the drainage layer is modelled as a storage and the linear storage equation is used. The 
model is applied to two micro-test beds with different stratigraphy and loaded with a series of constant intensity 
rainfall events. 
Modelling results are then coupled to measured data collected from an experimental testing on two test beds 
with different stratigraphies to calibrate the model.  Finally the calibrated model is loaded with the rainfall 
distribution generated from an urbanized watershed for a selected representative year to predict the hydrological 
and hydraulic behaviour of a green roof on long-term basis. 
 
2. Methodology 
2.1. Experimental testing of a test bed 
An experimental system is built to perform a series of hydraulic tests. In Figure 1 a schematic of the 
experimental setup is reported. Two test beds of 50 cm by 50 cm are used. The first test bed is characterized by the 
following stratigraphy: (1) soil substrate of 8 cm; (2) ‘egg box’ drainage and storage layer in pe-ad (storage 
capacity of 8,7 L/m2). The entire package is 15 cm. 
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Figure 1. A schematic of the experimental setup 
 The configuration of the test bed is reported in Figure 2a. The second test bed has the following stratigraphy: 
(1) soil substrate of 8 cm; (2) ‘egg box’ drainage layer in polyester (storage capacity of 11 L/m2). The entire 
package is 17 cm (Nardini, et al., 2012). The configuration of the test bed is reported in Figure 2b. The base of the 
rig for both test bed is laid at a slope of 1%. The substrate is a mineral terrain according to Italian regulation (UNI 
11235) built to ensure: (1) anchoring of the root. The material is highly draining and clay-free. It prevents standing 
water on the surface; (2) water supply and nutritional. Thanks to the ability to retain water in the cavities, it 
requires less water and thanks to the zeolite, fertilizers remain firmly anchored inside; (3) root respiration and the 
life of the microorganisms present. The natural cavities in the minerals and spaces between the grains ensure a 
significant supply of oxygen to the roots. 
 
 
Figure 2. Stratigraphy of the two test beds 
The particle size distribution (PSD) of the soil substrate is reported in Figure 3. The PSD is a hetero-disperse 
gradation ranging from 0.08 to 10 mm with a d50 of 5 mm. The soil is classified according to Unified Soil 
Classification System (USCS) as a silty sand.     
 
 
a b 
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A fine filter membrane separates the substrate from the underlying ‘egg box’ drainage layer. Through a nozzle a 
constant intensity rainfall was delivered on top of the test bed. The test bed is loaded with a series of ten  constant 
rainfall intensity, ranging from 58 to 156 mm/h. The rainfall intensities are reproduced in the laboratory for a 
duration of 15 and 25 minutes by using a tipping bucket device with a resolution of 0.2 mm. As the surface area of 
the test rig is only 0.25 m2,  detention times are expected to be less than those obtained for the full scale green roof. 
The retention effects, instead, are considered to be solely influenced by substrate depth and moisture capacity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Particle size distribution of the mineral soil substrate   
2.2. Green roof modelling 
The green roof is conceptually split into as a series of three elements, each of them corresponding to a 
technological component: (1) superficial layer; (2) substrate layer; (3) storage/aeration and storage layer. The top 
layer exposed to the atmosphere and covered by vegetation is modelled as subcatchment (Wadzuk et al., 2013; 
Metselaar, 2012), where infiltration, evapotranspiration and runoff generation occur. The sub-catchment is defined 
by the area of the green roof, a land use and a specific runoff volume, a typology of vegetation.  
The substrate layer is modelled as an aquifer, using the Green Ampt equations to describe the infiltration process 
and movement of groundwater. The Green-Ampt model assumptions are: (1) As rain continues to fall and water 
infiltrates, the wetting front advances at the same rate with depth, which produces a well-defined wetting front; (2) 
The volumetric water contents remain constant above and below the wetting front as it advances, (3) The soil-
water suction immediately below the wetting front remains constant with both time and location as the wetting 
front advances. 
The Green Ampt equation is the following: 
 
⎟⎠
⎞⎜⎝
⎛ +−−== 1
F
K
dt
dFf isf
θθψ                                                                                                                            (1)
     
in which, 
H = the depth of ponding, cm, 
Ks = saturated hydraulic conductivity (cm/s), 
ψf = suction at wetting front (negative pressure head), 
θi = initial moisture content (dimensionless) and 
θs = saturated moisture content (dimensionless). 
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The input of this module is the rainfall intensity, while the output is the percolation rate, f from the soil substrate. 
The percolation rate, f is the input for the second module, which is represented by a storage tank. The percolation 
rate is converted to a flow rate, Qe by multiplying the millimetres of percolation per hour by the surface area of the 
test bed. The relationships used to describe the hydraulic behaviour of the storage tank are the balance equation 
and the discharging equation written as follows: 
ue QQdt
dW −=                                                                                                                                                          (2) 
ghhBQu 2⋅⋅= μ                                                                                                                                                   
(3)    
where Qu , μ, B, h are the flow rate eluted from the test bed, discharging coefficient, width of the storage, water 
level in the storage over the weir. In this study the value of μ is 1.45 for PE-AD drainage layer and 1.35 for 
polystyrene layer. 
Finally the output from the storage tank is introduced into the third module represented by a conduit, governed by 
flow routing equations. In this study the kinematic wave approach is used. The assumptions are:  
• The pressure distribution is hydrostatic 
• Flow rate solely is a function of y  
The continuity and momentum equations for the kinematic wave model are the following ones:                                        
 
fe SS =                                                                                                                                                                      (4) 
0=∂
∂+∂
∂
t
A
x
Qu                                                                                                                                                           (5) 
Where So, Sf, A are respectively the channel slope (1%), friction slope and transversal area of flow. 
In this module the length of the conduit is given by the actual length of the test bed multiplied by a coefficient k, 
which represents a calibration parameter. 
The good fitting between measured and modeled data was determined by calculating Pearson coefficient, R2. 
 
3. Results 
 
Figure 4 shows the modeled and measured temporal distributions of flow rate and cumulative volume for a rainfall 
event with intensity of 57 mm/h for the configuration with pe-ad drainage layer. This event is used for the 
calibration process. After the calibration process the parameter k (multiplied the length of the conduit) is set equal 
to 22. The results obtained from the calibration process are those reported in Figure 1.  
As shown, the temporal distribution obtained for measured and modelled data is fairly close. The error value with 
respect to the peak flow rate is within 10 %. To evaluate whether the model data accurately predict the measured 
data, R2 is determined. For this rainfall event, R2 is equal to 0.99, showing the high accuracy of the model. In 
Figure 4 the cumulative effluent volume distributions from measured and modelled data are determined. As shown, 
the cumulative effluent volume values from the modelled data are higher than the cumulative effluent volume 
values from measured data.  
In Figure 5 modelled and measured temporal distributions of flow rate for four rainfall events (i=141, 99, 120 and 
148 mm/h) are reported for the configuration with pe-ad drainage layer. In those simulations, the value of k is fixed 
to 22 and the test bed is loaded with the flour constant rainfall intensities for a duration of 15 and 25 minutes. 
Thetemporal distribution obtained for measured and modelled data is fairly close. The error value with respect to 
the peak flow rate is within 10 %. To evaluate whether the model data accurately predict the measured data, the R2 
is determined. For the four  rainfall events analyzed, the R2 is equal to 0.99, demonstrating that model is able to 
reach a high accuracy. 
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Figure 4. Modeled and measured temporal distributions of flow rate and cumulative volume for a rainfall event used as calibration for PE-AD 
drainage layer. R2 is the fitting goodness of the flow rate distribution. RV2 is the fitting goodness of the cumulative volume distribution. 
 
Figure 5. Modeled and measured temporal distributions of flow rate and cumulative volume for four rainfall events (i=141, 99, 120 and 148 
mm/h) used as validation for PE-AD drainage layer. R2 is the fitting goodness of the flow rate distributions. RV2 is the fitting goodness of the 
cumulative volume distribution.  
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In Figure 5 modeled and measured cumulative effluent volume distributions for four rainfall event (i=141, 99, 120 
and 148 mm/h) are also reported. In all distributions the modelled data are greater than the measured data. This 
means that the model underestimates the storage capacity of the substrate layer. In the Green –Ampt model, 
indeed, the infiltration rate through the layer, is assumed to be equal to the rainfall intensity when the latter is 
higher than the rainfall intensity. Although the substrate is highly permeable, this assumption significanlty 
overestimates the drainage capacity of the system as the experimental testing results confirm. The latter, indeed, 
demonstrate that a portion of influent volume is actually retained within the layer and slowly released in the end of 
the event. The modelled results accurately reproduce the measured data in the time to peak and in the rising limb of 
the distribution, demonstrating that the model predicts the translation of flow rate distribution. The error value with 
respect to the peak flow rate is within 10 %. The Rv2 , the Pearson coefficient with respect to the cumulative 
volume distribution is around 0.99 for all the rainfall intensities. 
 
 
 
Figure 6. Modeled and measured temporal distributions of flow rate and cumulative volume for a rainfall event used as calibration for 
polystyrene drainage layer. R2 is the fitting goodness of the flow rate disitrbution. RV2 is the fitting goodness of the cumulative volume 
distribution 
Figure 6 shows the modeled and measured temporal distributions of flow rate and cumulative volume for a rainfall 
event with intensity of 57 mm/h for the configuration with polystyrene drainage layer. This event is used for the 
calibration process. In particular, in this process the calibration parameter k (multiplied the length of the conduit) is 
set equal to 22. The results obtained from the calibration process are those reported in Figure 1. As shown, the 
temporal distribution obtained for measured and modelled data is fairly close.  
The error value with respect to the peak flow rate is within 10 %. To evaluate whether the model data accurately 
predict the measured data, the R2 is determined. For this rainfall event, the R2 is equal to 0.99, showing the high 
accuracy of the model. In Figure 4 the cumulative effluent volume distributions from measured and modelled data 
are determined. As shown, the cumulative effluent volume values from the modelled data are higher than the 
cumulative effluent volume values from measured data.  
In Figure 7 modelled and measured temporal distributions of flow rate for four rainfall events (i=132, 107, 126 and 
155 mm/h) are reported for the configuration with polystyrene drainage layer. In those simulations, the value of k 
is fixed to 22 and the test bed is loaded with the flour constant rainfall intensities for a duration of 15 and 25 
minutes. temporal distribution obtained for measured and modelled data is fairly close. The error value with 
respect to the peak flow rate is within 10 %. To evaluate whether the model data accurately predict the measured 
data, the R2 is determined. For the four  rainfall events analyzed, the R2 is equal to 0.99, demonstrating that model 
is able to reach a high accuracy.  
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Figure 7. Modeled and measured temporal distributions of flow rate and cumulative volume for four rainfall events (i=132, 107, 126 and 155 
mm/h) used as validation for polystyrene drainage layer. R2 is the fitting goodness of the flow rate disitrbution. RV2 is the fitting goodness of the 
cumulative volume distribution 
 
In Figure 7 modeled and measured cumulative effluent volume distributions for four rainfall event (i=132, 107, 
126 and 155 mm/h) are also reported. In all distributions the modelled data are greater than the measured data. This 
means that the model is not able to accurately predict the storage capacity of the system. Instead the modelled 
results accurately reproduce the measured data in the time to peak and in the rising limb of the distribution, 
demonstrating that the model predicts the translation of flow rate distribution. The error value with respect to the 
peak flow rate is within 10 %. The Rv2 , the Pearson coefficient with respect to the cumulative volume distribution 
is between 0.7- 0.99 for all the rainfall intensities. 
 
Conclusion 
Green roof represents a sustainable solution for mitigating rainfall-runoff volumes delivered to combined sewer 
systems in urban systems. This study proposes a conceptual model to predict the hydraulic behavior a green roof 
reproduced in the laboratory as a small test bed. The model green roof is idealized as a system consisting of three 
individual components in series. A mass balance equation is applied to each component, taking into account the 
specific phenomena occurring in each module. In particular, the first layer represented by the substrate is modeled 
as an aquifer. The percolation rate of the aquifer is determined by using the Green-Ampt equation. Then, the output 
from the aquifer is input for the storage layer, whose hydraulic behavior is described by the mass balance equation. 
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Finally the effluent from the storage tank is the input for the last layer in which the kinematic wave approach is 
used to describe the flow routing in the drainage layer. The model is loaded by constant rainfall intensities for a 
duration of 15 and 25 minutes. 
The model data are calibrated and validated with measured data obtained from a small-scale physical model testing 
for a series of constant rainfall intensities through a calibration parameter present in the kinematic wave equation, 
for determining the flow transport within the conduit/channel. 
Results demonstrated the model is able to accurately predict the hydraulic behavior of the system. In particular, the 
results showed that the model overestimated the effluent volumes with respect to measured data. This may due to 
the fact the model based on Green-Ampt is not able to accurately predict the storage capacity of the substrate layer. 
Further studies need to improve the model in this direction. Further studies should couple the benefits of a green 
roof in terms of quantity mitigation to the quality abatement on long-term basis. 
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